most of the cases, however, the diagnosis of a rare kidney disease is still quite difficult and requires considerable experience, and an underestimation of the prevalence of these pathologies might be supposed [1] . Nevertheless, the advent of next-generation sequencing technologies, in recent years, has improved the timing and the quality of the diagnosis of rare kidney diseases, also providing the opportunity to better understand molecular defects shared by both rare and common renal diseases.
The achievement of proteinuria reduction and an optimal blood pressure control are recognized therapeutic goals able to slow CKD progression [2] . Despite significant therapeutic advances, it is conceivable that there is still much to learn about the pathogenesis of major kidney diseases in order to find more effective and useful therapies in nephrology [3, 4] . Furthermore, the heterogeneous phenotypic manifestations of these diseases suggest an influence of several genetic and environmental determinants [5] . In fact, unlike monogenic diseases, complex diseases do not show a classic Mendelian inheritance pattern. Generally, each gene involved in a complex disease is responsible only in part for its phenotype and defines simply a "susceptibility" to develop the disorder. The use of high-throughput DNA sequencing technologies appears to be a promising strategy since it permits to obtain a rapid and synchronized analysis of thousands of genes, thus increasing the chance to discover precise disease markers [6] . Furthermore, this quick and efficient diagnostic tool applied to different renal genetic diseases has recently provided a more accurate characterization of specific genetic and molecular patterns that appear also to be involved in the study of nongenetic and very common renal disorders.
This review aims at providing an updated description of the pathogenesis, diagnosis, and available therapeutic options for some rare glomerular and tubular kidney diseases, whose molecular basis might be useful in revealing unrecognized and/or unclear causes of steroid-resistant nephrotic syndrome and primary hypertension.
Steroid-Resistant Nephrotic Syndrome: Has It a Genetic Basis?
Proteinuria is recognized as a major and independent risk factor for the progression of renal damage [7, 8] . Consequently, the achievement of proteinuria reduction represents one of the most important challenges in nephrology [7, 8] . Urinary protein excretion exceeding the nephrotic range is associated with a high rate of progression to end-stage renal disease, quality of life worsening, hospitalization, and mortality [9, 10] . A genetic cause of nephrotic syndrome is always considered in children, whereas in adults, this hypothesis is explored mainly when conventional therapies are ineffective. In recent years, podocyte biology study has been one of the most exciting fields of investigation for an understanding of the physiopathology of nephrotic syndrome ( Fig. 1 ) .
Both genetic and molecular alterations associated with the development of massive proteinuria have been identified in experiments conducted in nephrotic syndrome animal models. Pathogenic mutations of genes encoding for filtration barrier proteins, such as podocin, nephrin, and collagen, have been discovered to be associated with nephrotic syndrome in focal and segmental glomerulosclerosis [11] .
In 2014, Giglio et al. [12] , in a retrospective study conducted by next-generation sequencing technology in 31 children with steroid-resistant nephrotic syndrome and 38 children with steroid-sensitive nephrotic syndrome, explored the possible genetic causes of steroid resistance. Genetic analysis was positive in 32.3% of children with the steroid-resistant variant of nephrotic syndrome, while no genetic alteration was reported in any of the children with steroid-sensitive disease. Compound heterozygosity or homozygosity of pathogenetic podocyte genes (NPHS2 and PLCE1) has been evidenced. Furthermore, a low podocin expression has been found in the biopsy specimens [12] . In the same year, Bullich et al. [13] reported a similar study conducted in adult patients with steroidresistant nephrotic syndrome due to focal segmental glomerulosclerosis. The results confirmed the presence of 42 pathogenic mutations across NPHS1, NPHS2, WT1, TRPC6, and INF2 genes, all encoding for filtration barrier structural proteins. These findings have proven that steroid resistance has genetic causes with the main phenotypic response being located in the podocyte [13] . These results indicate that patients with steroid-resistant nephrotic proteinuria deserve a genetic counseling and possibly a genetic screening.
and an association of environmental and genetic factors has been supposed [15, 16] . Indeed, a close relationship between salt dietary intake and blood pressure levels has been described in several studies. Weinberger et al. [17] were the first to define salt sensitivity based on the results of a study conducted on 378 healthy volunteers and 192 patients with essential hypertension. Blood pressure was measured after 0.9% NaCl infusion and after hydrosaline depletion induced by a low-sodium diet and furosemide administration. Compared to normal subjects, patients with hypertension showed higher blood pressure variations after NaCl administration and only a slight blood pressure reduction after hydrosaline depletion.
Salt sensitivity is, therefore, an individual response to an increased salt intake, and it is possible to divide patients into salt-sensitive and salt-resistant groups. Possible genetic causes of salt sensitivity, probably involving NaCl renal transporters, have been assumed [18] . In support, the central role exerted by the kidney in the development of salt intake-related hypertension has been confirmed in cross-kidney transplantation experiments [19] .
Renal Na + and Cl -tubular transport is the major mechanism of salt homeostasis maintenance [20] . Several gene mutations encoding different transporters involved in NaCl tubular handling have been identified and associated with monogenic or syndromic electrolytes and acid-base disorders with an impact on salt-water balance and blood pressure regulation [21, 22] . The proximal tubule is committed to recover most of the salt freely filtered by the glomerulus, whereas downstream tubular segments are the fine tuning of definitive urinary NaCl excretion. As a consequence, the regulation of body water content and blood pressure is mainly operated by the distal part of the nephron.
In normal conditions, in the thick ascending limb (TAL) of the loop of Henle, luminal NaCl enters the cell through the Na + -2Cl --K + cotransporter (NKCC2) [23] , while potassium (K + ) recycles into the lumen via an adenosine triphosphate (ATP)-sensitive K + channel (ROMK), assuring the maintenance of NKCC2 activity [24] . Na + ions gain the bloodstream pumped through the basolateral membrane by the Na + /K + -ATPase system. Cl -, instead, leaves the cell through a basolateral Cl -channel and/or is cotransported with K + . The paracellular reabsorption of Na + , K + , Ca 2+ , and Mg 2+ is driven by a lumen-positive transepithelial voltage gradient generated by both the K + recirculation to the lumen and the Cl -basolateral reabsorption [25] . In the distal convoluted tubule, NaCl cotransporter (NCC) mediates NaCl reabsorption [26] . Even in this portion of the tubule, Cl -leaves the cell through a specific channel, whereas Na + is pumped in the blood by the Na + /K + -ATPase system. A specific luminal channel provides the internalization of Ca 2+ into epithelial distal tubular cells. Subsequently, Ca 2+ is shuttled by Calbindin 28k to the basolateral membrane and pumped [27] into the blood by a Na + /Ca 2+ exchange and a Ca 2+ ATPase [28] . In the collecting duct, Na + ions are reabsorbed by the principal cell via the luminal Na + channel (ENaC) and exit the basolateral membrane by the Na + /K + -ATPase system [28] . Na + reabsorption is accomplished with K + extrusion by ROMK and large K + channels. Through stimulation of its receptor, aldosterone enhances Na + transport in the collecting duct and, consequently, induces K + loss in the urine [29] . The renin-angiotensin-aldosterone system (RAAS) is the major hormonal regulator of NaCl tubular transport and provides blood pressure modulation in response to extracellular volume variations [30, 31] . Furthermore, RAAS is described as a pleiotropic system able to exert numerous adjunctive renal and cardiac profibrotic effects, and its upregulation, in hypertensive and proteinuric patients, is associated with the progression of renal and cardiovascular damage [30, 31] . Several RAAS genetic polymorphisms have also been demonstrated in hypertensive patients with congenital kidney anomalies and progressive CKD [32] .
The key role of the RAAS system in blood pressure regulation is prominent in some inherited tubular disorders characterized by reduced or enhanced Na + reabsorption, leading to volume depletion or expansion and consequent activation or suppression of the RAAS system, respectively. On this basis, the study of inherited tubulopathies characterized by an altered tubular salt handling appears useful to extend the knowledge on mechanisms of body volume regulation and to identify possible genetic factors involved in the development of hypertension and salt sensitivity [33] .
Hypotensive Syndromes: Bartter and Gitelman Syndromes Mimic Diuretic Activity
Diuretics are first-choice drugs in the treatment of naïve hypertensive patients in which NaCl retention and extracellular expansion represent the key mechanisms for high blood pressure onset [34] . The study of altered NaCl mechanisms underlying hypotensive genetic tubulopathy development aids in understanding the mechanisms of diuretic-related blood pressure reduction, abnormal responses to diuretics, and the development of side effects [35] . Furthermore, the knowledge of genetically impaired NaCl transport mechanisms might contribute to the identification of possible inherited pathways associated with so-called "essential hypertension."
In 1962, Bartter et al. [36] first reported a genetic syndrome characterized by altered NaCl handling in the TAL in 2 homozygous twin sisters. Bartter syndrome is characterized by a normotensive/hypotensive phenotype associated with hypokalemia, hypochloremic alkalosis, hypocalcemia, and hyperplasia of the juxtaglomerular apparatus. So far, 5 genetic Bartter syndrome variants have been found to be associated with different loss-of-function mutations of genes encoding electrolyte transporters in the TAL ( Fig. 2 a) . In particular, Bartter syndrome is characterized by NaCl urinary waste, extracellular fluid volume reduction, and hypotension, despite the coexistence of hyperaldosteronism. Type 1 Bartter syndrome is induced by loss-of function mutations of the SLC12A1 gene inhibiting NKCC2 activity and mimicking furosemide pharmacodynamics [37] . Instead, type 2 Bartter syndrome is associated with mutations in the KCNJ1 gene encoding the apical ROMK in the TAL. The decrease in ROMK activity induces a reduction of K + back-filtration in the lumen and, again, inhibits NKCC2 activity. CLCNKB gene mutations are responsible for chloride voltage-gated channel Kb (CLCNKB) blockage and are associated with type 3 Bartter syndrome. Mutations of the CLCNKB and CLCNKA genes encoding for basolateral Cl -channel or mutations of the BSND gene encoding the Barttin subunit of the channel induce type 4 Bartter syndrome, which is characterized by deafness associated with Bartter syndrome. The impairment of Cl -channels, in fact, leads to reduced renal salt reabsorption and potassium recycling in the inner ear [38] .
Type 5 Bartter syndrome has recently been discovered and described to be associated with a gain-of-function mutation of the K29E gene encoding the extracellular Ca drome is characterized by a mild phenotype due to the enhanced inhibition exerted by CaSR activity on sodium transport in the TAL [40] .
Another hypotensive tubulopathy is Gitelman syndrome, whose pathogenetic basis is due to altered salt handling in the distal convoluted tubule, which mimics thiazide diuretics pharmacodynamics ( Fig. 2 b) . In fact, linkage studies have demonstrated that Gitelman syndrome is induced by loss-of-function mutations of the locus encoding the apical NCC. In Gitelman syndrome, in fact, conversely to Bartter syndrome, hypotension, hypokalemia, and hypochloremic alkalosis are associated with hypomagnesemia and hypocalciuria [41] .
Genetic mutations mirroring those identified in the hypotensive tubulopathies could explain cases of hypertension with variable response to conventional diuretic therapy [42] . Thus, a careful electrolytes and acid-base study and, eventually, a genetic counseling might be indicated in naïve patients with "essential" hypertension showing an abnormal response to salt dietary restriction and to diuretic stimulation.
Mendelian Hypertensive Tubulopathies: Mechanisms of Blood Pressure Increase
Advanced genomic techniques have permitted the identification of rare monogenic forms of hypertension characterized by either disorders of distal NaCl transport or dysregulation of mineralocorticoid hormone secretion/activity. Liddle syndrome is an autosomal dominant form of hypertension in which gain-of-function mutations of a single gene encoding β or γ subunits of the amiloride-sensitive epithelial ENaC of the principal cells in the collecting duct are associated with early onset of severe hypertension, hypokalemia, metabolic alkalosis, and hypoaldosteronism ( Fig. 2 c) . Hypokalemia and metabolic alkalosis depend on the absence of a lumen-positive gradient in the collecting duct. This luminal electronegativity is due to the excessive Na + reabsorption by ENaC that inhibits both K + and H + transepithelial transport and increases the urinary loss of the 2 cations. Treatment of Liddle syndrome with amiloride or triamterene is effective in blocking ENaC hyperactivity in the collect- ing tubule. Instead, spironolactone does not correct electrolyte and acid-base disorders in Liddle syndrome because the increased activity of the ENaC is aldosterone independent [43] . Thus, in patients with essential hypertension, a diversified response to different K + -sparing diuretics might deserve a careful diagnostic study, possibly including genetic insights.
Gordon syndrome or pseudohypoaldosteronism type II is a rare familial autosomal dominant disease caused by mutations of WNK1 and WNK4, 2 proteins of a serinethreonine kinases family that have recently been identified [44] ( Fig. 2 b) . In the distal tubule, wild-type WNK1 and WNK4 inhibit NCC, whereas gain-of-function mutations stimulate NCC activity, inducing excessive NaCl reabsorption and volume expansion. Consequently, the Gordon syndrome phenotype is characterized by tardive onset of severe hypertension, low fractional Na + excretion, and hyperchloremic metabolic acidosis in patients showing short height, muscle weakness, dental abnormalities, and cognitive defects [45] . The therapeutic approach aims at decreasing NCC activity also by limiting the substrate for NaCl transport. As a consequence, thiazide diuretics and a low-salt diet are mandatory in the treatment of Gordon syndrome. Different mutations or milder phenotypes may also be supposed in hypertensive patients that show a reduced response to nonthiazide diuretics.
Conclusions
Rare kidney diseases are an interesting field of investigation, especially because different pathogenic molecular pathways are only partially characterized. However, causes of several genetic kidney diseases have recently been evidenced by the use of advanced technologies for gene sequencing. Undoubtedly, many similarities with the pathogenesis of the most common kidney disorders are evident. Apparently, the complex pathogenesis of common kidney diseases associated with the onset and progression of CKD may have a genetic background that could be investigated starting from the study of rare kidney diseases. A genetic background for steroid resistance in nephrotic syndrome could be supposed, and several pathogenetic mutations impairing the glomerular filtration barrier integrity have been found only in nephrotic patients not responding to corticosteroids. Similarly, the response to antihypertensive drugs and to salt intake modifications is individual in hypertensive patients, and genetic mutations interfering with NaCl tubular handling might be a valid explanation. The characterization of hypotensive and hypertensive tubulopathies might indicate new investigation areas for a better understanding of the mechanisms of hypertension development and maintenance, thus providing precision therapeutic approaches.
